Airway wall remodeling processes are present in the small airways of patients with chronic obstructive pulmonary disease, consisting of tissue repair and epithelial metaplasia that contribute to airway wall thickening and airflow obstruction. With increasing disease severity, there is also increased mucous metaplasia and submucosal gland hypertrophy, peribronchial fibrosis, and an increase in airway smooth muscle mass. Apart from its contractile properties, airway smooth muscle produces inflammatory cytokines, proteases, and growth factors, which may contribute to the remodeling process and induce phenotypic changes of the muscle. Airflow limitation responds minimally to ␤-agonists and corticosteroid therapy, unlike asthma, perhaps because of alterations in ␤-receptor or glucocorticoid receptor numbers, alterations in receptor signaling, or the constrictive limitation imposed by peribronchial fibrosis. Better response is observed with the combination of inhaled long-acting ␤-agonists and corticosteroids. This could result from effects at the level of airway smooth muscle. Airway wall remodeling may involve the release of growth factors from inflammatory or resident cells. The influence of smoking cessation or of current therapies on airway wall remodeling is unknown. Specific therapies for airway wall remodeling may be necessary, together with noninvasive methods of imaging small airway wall remodeling to assess responses.
The definition of chronic obstructive pulmonary disease (COPD) provided by the Global Initiative on Obstructive Lung Disease (GOLD) guidelines is: "COPD is a disease state characterized by airflow limitation that is not fully reversible. The airflow limitation is usually both progressive and associated with an abnormal inflammatory response of the lungs to noxious particles or gases" (1) . The chronic inflammation of COPD is characterized by an accumulation of neutrophils, macrophages, B cells, lymphoid aggregates, and CD8 ϩ T cells, mainly in the small airways (2) , and the degree of inflammation increases with the severity of disease as classified by GOLD (3) . Although inflammatory cells contribute to the volume of the tissue wall in the small airways in patients with COPD, structural changes, such as epithelial metaplasia, increase in airway smooth muscle, goblet cell hyperplasia, and submucosal gland hypertrophy are other constituents of this thickening. Hogg and coworkers have indicated that the epithelial thickness is increased by approximately 100%, and the lamina propria, the smooth muscle, and the adventitia are increased together by 50% in GOLD stages 3 and 4, (Received in original form April 5, 2005 ; accepted in final form June 22, 2005) Correspondence and requests for reprints should be addressed to Kian Fan Chung, M.D., D.Sc., F.R.C.P., National Heart and Lung Institute, Imperial College, Dovehouse Street, London SW3 6LY, UK. E-mail: f.chung@imperial.ac.uk compared with GOLD stage 0, indicating a progressive remodeling of the small airways with increasing disease severity (Figure 1) (3) . The degree of airflow limitation as measured by FEV 1 is also related to the degree of airway wall thickness in COPD (see Figure 1 ), providing indirect evidence for the role of airway wall remodeling in airflow obstruction of COPD.
The process of remodeling has been better studied in asthma, where changes are present in the large airways, because tissue sampling of the large airways is readily accomplished by the fiberoptic bronchoscope. The process of remodeling in asthma has been described mostly in the large airways from bronchial biopsies, but is present in large and more peripheral airways. The remodeling process includes subepithelial basement membrane fibrosis, epithelial goblet cell hyperplasia, increase in blood vessels, and a proliferative state of the airway smooth muscle, with increased mass comprising hyperplasia and hypertrophy. In COPD, remodeling changes are particularly prominent in the small airways (Ͻ2 mm in internal diameter), which are not easily accessible, and most of the information has been available from resection specimens from smokers undergoing lung surgery for tumors or from postmortem specimens. The remodeling changes are also described in the large airways (4) . This article examines the components of airway wall remodeling in COPD, their relationship to airflow limitation, the effects of some current treatments, and the potential contribution of airway smooth muscle and matrix changes. The contribution of airway smooth muscle cells is particularly examined in depth.
EPITHELIAL CHANGES
Both shedding of the epithelium and squamous metaplasia have been observed in COPD, but it is likely that the latter, together with goblet cell hyperplasia, is responsible for the increased thickness of the epithelial compartment. The epithelium not only provides a physical barrier between submucosal tissues and the external environment, but also interacts with toxic gases, such as cigarette smoke. Airway wall remodeling may represent the effect of cigarette smoke on the epithelium and attempts by the airway epithelium to protect itself and repair the injury caused by cigarette smoke. The bronchiolar epithelium is altered in smokers, particularly in patients with COPD. Cigarette smoke induces the release of interleukin (IL)-1, IL-8, and granulocyte colony-stimulating factor from bronchial epithelial cells through oxidative pathways, accounting for potential neutrophil and monocytic chemotactic activities released from the epithelium (5, 6) . A higher expression of monocyte chemotactic protein-1, transforming growth factor (TGF)-␤1, and IL-8 mRNA and protein has been observed in bronchiolar epithelium of smokers with COPD compared with smokers without COPD (7) (8) (9) . Cultured epithelial cells from smokers and from patients with COPD release more TGF-␤ in vitro than those from normal patients (8) . TGF-␤ may play an important role in the context of tissue remodeling by stimulation of extracellular matrix production, such as collagen and fibronectin, and reduces matrix degradation by altering the collagenase and collagenase inhibitor balance. Furthermore, TGF-␤ induces the transformation of fibroblasts to myofibroblasts, which synthesize matrix proteins. Latent TGF-␤ can be activated through the loss of the integrin, ␣ v ␤ 6 , to cause emphysema through alterations of matrix metalloproteinase (MMP)-12 production in macrophages (10) . The expression and release of these cytokines and growth factors attest to the role of the epithelial response in submucosal inflammation and fibrosis of COPD.
Goblet Cells, Submucosal Glands, and Mucus Production
The role of chronic sputum production in the development of COPD is uncertain. Although no relationship between the presence of chronic sputum production and the development of COPD was reported in a British cohort (11) , a recent Danish study found that chronic sputum production was associated with both the risk of hospitalization because of COPD and excessive yearly decline in FEV 1 (12) . A postmortem study of lungs from patients dying of COPD showed an increased amount of intraluminal mucus in the bronchioles compared with controls without respiratory disease (13) . In surgically resected lung tissues, increasing accumulation of inflammatory exudates with mucus in the small airways was noted with increasing severity of disease (3) . Submucosal gland hypertrophy is also seen in the large airways (14, 15) . A disproportionate increase in mucous acini and reduction in serous acini has been reported in chronic bronchitis (15) . No correlation has been found, however, between mucous gland enlargement and sputum production (16, 17) . Goblet cell hyperplasia is a feature of both large and small airways in chronic bronchitis (14) . Goblet cells are usually sparse in the small airways, but they are increased in number in the peripheral airways (diameter Ͻ 1 mm) of patients with COPD (18) . This increase has been associated with an inflammatory process with neutrophil infiltration, supporting the concept that neutrophils may directly cause degranulation of goblet cells through the release of neutrophil elastase and cathepsin G (19) . The mechanism of goblet cell hyperplasia itself may involve the activation of the epidermal growth factor receptor, which may be upregulated by oxidants in cigarette smoke and by cytokines, such as tumor necrosis factor (TNF)-␣, IL-8, or IL-13 (20, 21) . Little is known about the composition of the mucus in COPD. COPD has been specifically associated with increased expression of the mucin MUC5B in the bronchiolar lumen and the mucin MUC5AC in the bronchiolar epithelium (22) . Various inducers of MUC5AC, such as neutrophil elastase or cigarette smoke, do so by ligand-dependent activation of an EGFR signaling cascade that could be mediated by ADAM17 and MMP-9 (23-25).
Matrix Changes
In contrast to the thickening of the subepithelial basement membrane in the proximal airways seen in asthma, there is usually no change in this thickness in smokers with chronic bronchitis or COPD. An increase in subepithelial basement membrane associated with tissue eosinophilia was observed, however, in patients with COPD who showed significant reversible airway obstruction that was reversible with corticosteroids (26) . In a study of bronchial biopsies of patients with COPD with a mean FEV 1 of 56%, a mild increase in subepithelial basement membrane thickness was observed, although not to the same extent as in mild asthma. There were fewer fibroblasts and no changes in collagen III staining in these bronchial biopsies from patients with COPD, whereas in patients with persistent severe asthma, there were more fibroblasts and collagen III staining, indicating the relative lack of fibrotic changes in the proximal large airways in COPD (27) .
An increase in matrix deposition in the adventitial compartments of the small airways has been described (3, 28, 29) , however, indicating that the fibrotic process may be more important in the small airways. This distribution of matrix proteins in the small airways might contribute to fixed airflow limitation by preventing the airway smooth muscle from relaxing completely, either during hyperinflation or during pharmacologically induced relaxation ( Figure 2 ). The site of matrix deposition is different from that found in asthma, where this is localized predominantly in the subepithelial basement membrane region, whereas in COPD this deposition may be more diffuse throughout the airway wall. The biochemical changes in matrix in COPD, however, have not been intensely investigated. An immunohistochemical study reported reduced expression of the interstitial proteoglycans decorin and biglycan in the peribronchial area of small airways, but without changes in expression of types 1, 3, and 4 collagen, laminin, and fibronectin (30) . The significance of this is unclear and further studies are needed.
Airway Smooth Muscle Changes
The changes in airway smooth muscle are more prominent in the small airways than in the large airways. In the large airways, alterations in smooth muscle mass were not observed, and the amount of airway smooth muscle did not correlate with airflow limitation (31), although the wall internal to the muscle was significantly thickened and was associated with a reduction in the ratio of FEV 1 to forced vital capacity. In biopsies obtained by the fiberoptic bronchoscope, no changes in airway smooth muscle area were observed, and airway smooth muscle size was not increased (27) . Furthermore, smooth muscle protein isoforms were not increased, and although myosin light-chain kinase was slightly increased, there was no increase in phosphorylated light-chain myosin (27) . These findings are in contrast to those found in patients with severe persistent asthma. In addition, culture of airway smooth muscle cells obtained from biopsies from asthmatic patients showed an increased proliferative rate in serum that persisted over several passages (32) , but apparently no such increase was observed in biopsies obtained from patients with emphysema (33) .
The airway smooth muscle cells in the small airways have been relatively less well studied, but their properties may be different from those in the proximal airways. A significant increase in airway smooth muscle in small airways of patients with COPD has been reported in several studies (34) (35) (36) . The amount of airway smooth muscle has also been inversely correlated with lung function (FEV 1% predicted) (35) . The amount of airway smooth muscle was increased by nearly 50% in patients with more severe COPD, at GOLD stages 3 and 4 (3). In one study (37) , the airway smooth muscle mass in the small airways was the only differentiating feature when comparing nonobstructed patients with COPD with patients with asthma. Information on other features of the airway smooth muscle in small airways is not available. Although the airway smooth muscle mass is increased, it is unknown whether this process is caused by an increased number of airway smooth muscle cells, an increase in airway smooth muscle size, or both. Increased proliferative rate of the muscle may be associated with other phenotypic abnormalities. Changes in airway smooth muscle mass seem more prominent in the large airways in asthma, whereas they are more important in the small airways in COPD.
A relationship between force generation in vitro and airway responsiveness measured in vivo has been reported in COPD (38) , but other studies reported no such relationship (39-41). Opazo Saez and colleagues examined small airways of average diameter of 2.5 mm in vitro by myography for isometric force generation and isotonic shortening (42) . They reported that both force and stress were increased in patients with COPD with airflow obstruction compared with nonobstructed patients, indicating that airway smooth muscle had increased ability to generate force. Maximal isotonic shortening was not significantly different between obstructed and nonobstructed patients. Force and stress correlated well with lung function measurements. Increased ability of the muscle to generate force may contribute to bronchial hyperresponsiveness in COPD, along with loss of lung recoil and fibrosis of the small airways.
Relationship of Changes in Remodeling to Lung Function
The peripheral airways are the major site of obstruction in COPD (43) , and airway remodeling and inflammation in these airways are associated with chronic airflow obstruction (29, 34, 44) . Furthermore, there is a strong association between disease progression and the increase in epithelium, lamina propria, muscle, and adventitial compartments in COPD (Figure 1) (3) . In airway remodeling, mucosal thickening can amplify the effect of mucosal shortening, and muscle thickening can lead to greater muscle shortening against elastic loads (37) . In addition, the increased ability of the airway smooth muscle to generate force in chronic obstructive airway disease contributes to the increased airway narrowing when compared with a normal airway. This is a factor in nonspecific bronchial hyperresponsiveness (45), a good predictor of the rapid decline of FEV 1 in patients with COPD (46) .
The contribution of emphysema to airflow limitation may also be important, but the type of destructive emphysema present may determine lung function changes. Centrilobular emphysema is characterized by focal destruction of lung restricted to respiratory bronchioles and the central portion of the acinus and is usually more severe in the upper portions of the lungs in chronic smokers. Panacinar emphysema involves the uniform destruction of the alveolar walls and is usually found in smokers who develop emphysema early in life and in those with ␣ 1 -antitrypsin deficiency. Panacinar emphysema is associated with a loss of elastic recoil and higher lung compliance, whereas centrilobular emphysema is associated with a higher degree of airway inflammation and hyperresponsiveness (47) (48) (49) (50) . In centrilobular emphysema, there is a higher total pathologic score of small airways than in lungs with panacinar emphysema (48) . In panacinar emphysema, lung compliance is highest and decreases as the amount of centrilobular emphysema increases. The level of small airway inflammation in smokers correlates with the destruction of alveolar tissue and may facilitate the rupture of the attachment of alveoli with the outer airway wall where mechanical stress is at its maximum (51) .
A progressive inflammatory reaction in the small airways has been reported, with connective tissue deposition in the airway wall and a significant degree of emphysema in the most severe cases (29) . As the abnormalities in the small airways increased, pulmonary function deteriorated progressively, and tests of small airway function were able to distinguish patients with minimal pathologic changes from those with normal airways (29, 52, 53) . The severity of the pathologic abnormalities, including emphysema, correlated with the degree of airflow limitation as measured by FEV 1 (54) . Direct measurements of peripheral airway resistance show, however, that loss of alveolar support resulting from emphysema is a less important cause of airflow limitation than the changes in airway wall remodeling and in the airway lumen (43) . Potential interactions between cytokines, cigarette smoke, and inflammatory cells with airway smooth muscle (ASM) cells that may contribute to small airway wall remodeling in COPD. Interactions of ASM with its own extracellular matrix (ECM) may determine its survival; response to agents, such as ␤-agonists; and the degree of peribronchial fibrosis. ␤-AR ϭ ␤-adrenoceptor; GR ϭ glucocorticoid receptor; GRO-␣ ϭ growth-related oncogene-␣; IL ϭ interleukin; MMP ϭ matrix metalloproteinase; TGF-␤ ϭ transforming growth factor-␤; TNF-␣ ϭ tumor necrosis factor-␣.
AIRWAY SMOOTH MUSCLE IN AIRWAY WALL REMODELING Cytokines and Chemokines
There is a potential for the airway smooth muscle to contribute to the inflammatory and remodeling processes in the small airways ( Figure 3) . The airway smooth muscle cell not only has contractile properties but also is capable of expressing and releasing cytokines, chemokines, growth factors, and proteases (55, 56) , and can participate in the inflammatory and remodeling process (57) . Airway smooth muscle cells also produce matrix proteins, and their behavior may depend on interactions with their own matrix (58) . Potential cytokines or chemokines of interest in COPD that may be released from airway smooth muscle include IL-6 and -8; monocyte chemotactic protein -1, -2, and -3; growthrelated oncogene-␣; CXCL10 (IP-10); and granulocyte-macrophage colony-stimulating factor (55, (59) (60) (61) . Proinflammatory cytokines IL-1␤ and TNF-␣ and bradykinin induce the release of IL-8 (60, 62), a potent neutrophil chemoattractant and activator, whereas IFN-␥ and TNF-␣ induce the release of CXCL10, which is also expressed in airway smooth muscle cells of patients with COPD (59). CXCL10 is a potent chemoattractant for human monocytes, neutrophils, natural killer cells, and T cells, preferentially Th1 cells.
Extracellular Matrix Components
The extracellular matrix surrounding the airway smooth muscle can influence airway smooth muscle cell function, such as cytokine production, proliferation, and apoptosis. Fibronectin and collagen I can increase mitogen-induced proliferation in comparison with airway smooth muscle cultured on plastic (63) . Airway smooth muscle cells are characterized by comparatively low expression of contractile proteins, such as smooth muscle myosin heavy chain, calponin, and smooth muscle ␣-actin, but they remain in a proliferative mode. Expression of surface integrins ␣ 5 and ␤ 2 is involved in survival signaling from collagen IV, collagen V, laminin, and fibronectin, which provide antiapoptotic signals to the airway smooth muscle (64) . Disruption of the integrins leads to apoptosis of the airway smooth muscle cell, and this may occur when neutrophils interact with airway smooth muscle. Release of serine proteases from neutrophils, including neutrophil elastase and cathepsin G, induces fibronectin degradation with disruption of integrin binding, leading to apoptosis by detachment of airway smooth muscle cells (65) . Neutrophils are prominent cells within airway smooth muscle bundles in COPD (66) . This may be a mechanism by which the homeostasis of airway smooth muscle mass can be maintained in the presence of proliferative signals. T cells are also seen in airway smooth muscle bundles in COPD (66) , and adhesion of activated T cells can induce airway smooth muscle proliferation through CD44 and vascular cell adhesion molecule (67) . The balance of proliferative and apoptotic factors and pathways may determine airway smooth muscle mass.
MMPs
MMPs are zinc-dependent proteolytic enzymes that play a major role in matrix turnover, remodeling, and angiogenesis in COPD, and airway smooth muscle cells may be an important source. In addition to cleaving most of the constituents of the extracellular matrix, MMPs may contribute to smooth muscle hyperplasia by causing the release of immobilized growth factors, such as the release of TGF-␤ when the extracellular matrix proteoglycan decorin is degraded by MMPs (68) . In addition, MMPs may degrade insulin-like growth factor binding proteins, causing the release of insulin-like growth factor (69) . Insulin-like growth factor II is released from airway smooth muscle cells and induces airway smooth muscle proliferation (70) . Human airway smooth muscle cells constitutively express proϪMMP-2, MMP-3, and membrane type 1 MMP (71). MMP-3 is usually bound to airway smooth muscleϪderived matrix, consistent with the staining for MMP-3 in the submucosal matrix of patients with chronic asthma (72) . MMP-12, first described from macrophages and thought to be macrophage-specific, is also expressed and released when airway smooth muscle cells are exposed to IL-1␤ (73), and active MMP-12 is present in airway smooth muscle cells of small airways of smokers and patients with COPD. The role of MMP-12 released from airway smooth muscle cells is still speculative. In addition to acting predominantly as an elastase where extracellular matrix may be degraded, and contributing to emphysema, MMP-12 releases TNF-␣ from proϪTNF-␣ (74), ensuring participation in inflammation. The release of MMPs is balanced by the production of tissue inhibitors of metalloproteinase, however, particularly tissue inhibitors of metalloproteinase-1 and -2, which inhibit proteolytic activity (71) .
TGF-␤
The mediators of airway wall remodeling include the release of growth factors, such as TGF-␤ and epidermal growth factor.
Repair of the epithelial mesenchymal trophic unit, which may result in the production of excessive amounts of these or other growth factors or remodeling mediators, has been postulated in asthma as a major route of airway wall remodeling (75) . A similar situation may be present in COPD, with cigarette smoke being the main insult to the epithelium. TGF-␤ increases the production of extracellular matrix proteins, including collagen and fibronectin, and it is overexpressed in the airway epithelium and airway smooth muscle cells of patients with COPD compared with smokers without COPD (8, 28) . Synthesis of procollagen I is regulated by TGF-␤ in an autocrine fashion (76) . TGF-␤ increases the expression of smooth muscle contractile proteins, such as smooth muscle ␣-actin and calponin, in airway smooth muscle and fibroblasts, and it increases airway smooth muscle cell size and number (77, 78) . TGF-␤ increases the expression of other growth factors, structural proteins, extracellular matrix proteins, and enzymes from airway smooth muscle cells (55) . An interesting effect of TGF-␤ is the promotion of differentiation of fibroblasts into myofibroblasts secreting interstitial collagen and other growth factors, such as endothelin-1 and vascular endothelial growth factor. There is little work on the fibroblast and the myofibroblast in COPD, and the effects of corticosteroid therapy on the actions of TGF-␤ are unclear. In vitro studies show, however, that corticosteroids inhibit TGF-␤Ϫinduced expression of extracellular matrix proteins, including fibronectin, collagen, tissue inhibitors of metalloproteinase, and type 1 plasminogen activator inhibitor (79) (80) (81) . This action may occur by the direct transrepressive targeting of Smad3, a transcription factor, by the glucocorticoid receptor (79) . Whether this occurs in vivo, however, remains to be determined.
Gene expression of the excitatory Smad3 and -4 was unchanged in bronchial biopsies from COPD patients, but the expression of inhibitory Smad7 was decreased, indicating a potential positive enhancement of TGF-␤ signaling in COPD (82) . Although TGF-␤ may play an important role in remodeling, it has antiinflammatory properties. For example, TGF-␤ inhibits fractalkine (CX 3 CL) release induced by TNF-␣ and IFN-␥ from airway smooth muscle cells (83) .
AIRWAY SMOOTH MUSCLE AND EFFECTS OF THERAPY
The role of the airway smooth muscle in remodeling is of interest because, as a result of its potential to relax, it is the airway structure that could respond most to the pharmacologic agents used to treat COPD. Response to bronchodilator therapy is small, however, compared with the responses observed in asthma. In addition, corticosteroid therapy during a period of 2 to 4 wk results in little or no improvement in airflow obstruction (26) , except in the presence of airway eosinophilia. The mechanisms by which this response is reduced are unknown. Peribronchial adventitial fibrosis may limit the degree of relaxation induced by bronchodilators, such as ␤-agonists or anticholinergic drugs. In addition, the combination of inhaled corticosteroids and longacting ␤-agonists causes a greater degree of bronchodilatation compared with either pharmacologic agent alone (84, 85) , indicating possible interaction of these agents at the level of the airway smooth muscle.
The state of the ␤ 2 -receptor and the glucocorticoid receptor in COPD is unclear. The activity of ␤-receptors may be decreased together with uncoupling of ␤ 2 -receptor adenylate cyclase; activity of the phosphodiesterase enzymes that degrade cyclic adenosine monophosphate may be enhanced. IL-1␤, which is present in COPD airways, can induce an attenuation of ␤-receptorϪ induced airway relaxation (86, 87) through mechanisms involving a reduction in ␤-receptors, an increase in the G i␣ subunit, and a defect in adenylyl cyclase activity (87) . This effect of IL-1␤ in impairing ␤-receptor-mediated relaxation may be reversed partially by corticosteroids through an up-regulation of G-protein-coupled receptor kinases (88) , which could underlie the beneficial effect of the combination of corticosteroids and longacting ␤-agonists. The presence of TGF-␤ in COPD may contribute to downregulation of ␤-receptor function (89, 90) . The extracellular matrix may also influence the response of airway smooth muscle to ␤-receptor stimulation, in that fibronectin increases the response to ␤-receptor stimulation, whereas collagen V or laminin reduces the accumulation of cyclic adenosine monophosphate through the modulation of G i␣ (91) .
Inhaled corticosteroid therapy does not affect the rate of decline in lung function in patients with COPD (92) (93) (94) . This may be a reflection of the lack of effect of corticosteroids in reversing the remodeling of the small airways, but there has been no direct study of the effect of corticosteroids on remodeling features. The lack of effect of corticosteroids on the rate of decline in lung function may be secondary to various factors (95) that remain to be determined. Established airway wall remodeling may not be reversed by corticosteroids, but rather may be prevented, as has been demonstrated in remodeling associated with allergic inflammation (96) . Alternatively, the lack of response to corticosteroids may be caused by corticosteroid resistance of the mechanisms involved in airway wall remodeling (e.g., the release of cytokines by alveolar macrophages) (97) . A defect in recruitment of histone deacetylase activity by corticosteroids in alveolar macrophages of patients with COPD has been proposed (98) . A model of corticosteroid resistance in airway smooth muscle related to COPD has not been described. In asthma, the enhanced proliferative phenotype of airway smooth muscle is not inhibited by corticosteroids in vitro because of a specific absence of CCAAT enhancer binding protein-␣, a transcription factor (33) . No such observation has been made, however, in airway smooth muscle cells from patients with emphysema.
In exacerbations of COPD, systemic administration of corticosteroids is beneficial in increasing the rate of improvement of airflow obstruction and of dyspnea (99) . The basis for such improvement may relate to an effect on airway smooth muscle cells through inhibition of proinflammatory cytokine release or through the restoration of ␤-adrenergic (or cholinergic) receptor function. Prevention of exacerbations in patients with COPD has been shown with inhaled corticosteroid therapy, with combination therapy of corticosteroid and long-acting ␤-agonists, and with a long-acting anticholinergic drug (94, 100, 101) . The mechanisms by which these therapies reduce exacerbations are unknown but could involve an effect on airway smooth muscle cells.
The interaction of corticosteroids and ␤-agonists may also occur in modulation of cytokine release from airway smooth muscle cells, which could be the basis for the benefit of combination therapy in COPD. Corticosteroids usually inhibit the expression of IL-8 from airway smooth muscle, whereas the addition of ␤-agonists enhances this effect. Salmeterol potentiated the inhibition of TNF-␣Ϫinduced IL-8 by fluticasone, whereas on its own it had no effect (102) . Salmeterol inhibited TNF-␣Ϫinduced RANTES (the chemokine regulated on activation, normal T-cell expressed and secreted) and also potentiated the inhibitory effect of dexamethasone on TNF-␣-induced RANTES (103) . There was potentiation of the release of IL-6 by salmeterol (103) , however, indicating that effects of combination treatment on cytokine release are cytokine-or stimulus-specific. Airway smooth muscle cells exposed to cigarette-smoke extracts induced IL-8 release and potentiated TNF-␣Ϫinduced IL-8 release, but inhibited TNF-␣Ϫinduced release of RANTES and eotaxin (104) . Cigarette smoke-induced IL-8 was inhibited by fluticasone, but there was no potentiation by salmeterol.
Other properties of airway smooth muscle are affected by the combination of ␤-agonists and corticosteroids. Compared with salmeterol or dexamethasone alone, the combination of the two agents synergistically inhibited migration of human airway smooth muscle cells induced by platelet-derived growth factor (105) . Similarly, the combination of formoterol and budesonide synergistically inhibited serum-induced proliferation and induced enhanced activation of p21 WAF1/Cip1 stimulated with fetal bovine serum in airway smooth muscle cells (106) .
CONCLUSIONS
The small airway wall remodeling process is responsible for a large amount of chronic airflow limitation in COPD, for the decline in lung function, and for the relatively poor responses to available therapies. The process itself remains poorly studied, because access to the small airways is difficult and changes in the small airways are not reflected in the more accessible proximal large airways. Many of the abnormalities underlying these poor responses could be on the airway smooth muscle, which may respond suboptimally to therapies, such as ␤-agonists and corticosteroids, because of the effect of chronic inflammation or peribronchiolar fibrosis on airway smooth muscle function. To obtain better therapeutic results, more specific targets underlying the airflow limitation need to be aimed at, namely targets of inflammation or airway remodeling processes (107) . Noninvasive tools, such as high-resolution CT (108) , are urgently needed to delineate the morphologic and physiologic degrees of small airway remodeling (and of emphysema), and to monitor response to treatments.
